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SUMMARY 
A computer model i s  being developed fo r  t he  purpose o f  eva lua t i ng  t h e  
performance o f  a  number o f  l a t e n t  heat Thermal Energy Storage (TES)/Heat Pump 
systems f o r  r e s i d e n t i a l  heat ing  and coo l i ng  a p p l i c a t i o n s .  The bas is  f o r  t h i s  
eva lua t i on  w i l l  be system annual ized l i f e  c y c l e  cos t .  Annual system perform- 
ance w i l l  be determined a t  var ious  s imu la t i on  s i t e s  across the  con t i nen ta l  
Un i ted  States us ing  manufacturers performance data f o r  t he  bas ic  heat  pump 
components and the  computed performance c h a r a c t e r i s t i c s  o f  a  s i m p l i f i e d  TES 
subsystem design. The systems considered w i l l  be r e q u i r e d  t o  s a t i s f y  b u i l d i n g  
heat ing  and loads c a l c u l a t e d  us ing  TRNSYS (Ref. 1  ) f o r  d i f f e r e n t  imposed 
e l e c t r i c i t y  r a t e  s t ruc tu res .  Both the  TES/Heat Pump system performance and 
the  load s imu la t i on  model w i l l  be d r i v e n  by h o u r l y  weather data prov ided by 
Sandia Nat iona l  Laboratory (Ref. 2 ) .  By i n t e r f a c i n g  TES/Heat Pump performance 
w i t h  these thermal loads, optimum systems w i l l  be se lec ted  f o r  each combi- 
n a t i o n  o f  s i t e  and r a t e  s t r u c t u r e  considered. 
The combination of heat  pump systems combined w i t h  thermal energy storage 
have the  advantage o f :  1) p r o v i d i n g  a  means o f  s u b s t i t u t i n g  lower c o s t  
thermal energy d u r i n g  hea t i ng  opera t ion  f o r  t h a t  which i s  normal ly  suppl ied by 
res i s tance  heaters, 2) improving the  e f f i c i ency  of heat  pump systems du r ing  
both heat ing  and c o o l i n g  opera t ion  and 3) decreasing heat  pump opera t ing  cos t  
by a l l ow ing  the  heat  pump t o  operate p r i m a r i l y  d u r i n g  per iods i n  which low 
c o s t  e l e c t r i c i t y  i s  prov ided under t ime-of-day (TOD) e l e c t r i c i t y  r a t e  s t ruc -  
tu res .  Although the  focus o f  prev ious work has been aimed a t  heat  pumps 
combined w i t h  sens ib le  heat s torage subsystems, t h e  advantages associated w i t h  
l a t e n t  heat  s torage has p r e c i p i t a t e d  research and development e f f o r t s  con- 
s i d e r i n g  l a t e n t  heat  TES/Heat Pump systems as w e l l .  L a t e n t  heat systems i n  
general s t o r e  more energy per  u n i t  volume than do sens ib le  heat  systems, a l l o w  
f o r  s torage a t  constant  temperature and do n o t  r e q u i r e  the  i n t e r n a l  heat 
exchanger needed by many sens ib le  heat  storage systems. 
Th i s  ana lys is  w i l l  consider  s i x  d i f f e r e n t  TES/Heat Pump conf igura t ions .  
These proposed designs inc lude:  1  ) d i r e c t  TES/Heat Pump systems i n  which the 
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storage subsystem i s  charged w i t h i n  t h e  r e f r i g e r a t i o n  c y c l e  i t s e l f  and d i s -  
charged by d i r e c t  heat exchange between indoor r e t u r n  a i r  and storage 
mater ia l ,  2) i n d i r e c t  systems t h a t  a re  both charged and discharged w i t h i n  the  
r e f r i g e r a t i o n  cyc le  o f  the  heat pump, 3) h y b r i d  systems t h a t  a c t  as d i r e c t  
systems dur ing  c o o l i n g  opera t ion  and i n d i r e c t  systems du r ing  heat ing  and 4)  
hybr id  systems t h a t  a c t  as i n d i r e c t  systems d u r i n g  both heat ing  and coo l ing .  
The storage subsystem considered i s  o f  a rec tangu lar  design which provides f o r  
heat t r a n s f e r  between both storage mate r ia l  and r e f r i g e r a n t  and storage 
mater ia l  and a i r .  
For each combination o f  s imula t ion  s i t e  and e l  e c t r i c i  ty r a t e  s t ruc tu re ,  
spec i f i c  TESIHeat Pump conf igurat ions w i  11 be opt imized t o  determine the  
combination o f  component s izes  t h a t  minimizes l i f e  cyc le  costs.  These i n d i -  
v idua l  opt imized systems w i l l  then be ranked based on both l i f e  cyc le  cos t  
and s p e c i f i c  performance f a c t o r  f o r  t he  combination o f  s imu la t i on  s i t e  and 
r a t e  s t r u c t u r e  under cons ide ra t i  on. 
THERMAL LOAD CHARACTERIZATION 
I n  order  t o  p roper l y  evaluate the performance o f  each TES/Heat Pump 
system, they must be requ i red  t o  s a t i s f y  r e a l i s t i c  heat ing  and coo l i ng  loads. 
These thermal loads w i l l  be computed using the  TRNSYS computer s imula t ion .  
The methodology used i n  t h i s  model fo l lows ASHRAE recommended procedures 
which u t i l i z e  t r a n s f e r  func t ions  f o r  c a l c u l a t i n g  conduct ion heat  gains and 
losses. These heat gains/ losses are then combined w i t h  o the r  s p e c i f i e d  o r  
computed, sens ib le  and l a t e n t  heat  loads t o  determine t h e  t o t a l  hou r l y  l a t e n t  
and sensib le heat l o a d  f o r  the  house. The assumption made i n  t h i s  ana lys is  
i s  t h a t  t he  heat ing /coo l ing  system w i l l  exac t l y  s a t i s f y  these l o a d  requ i re-  
ments. The computation o f  these thermal loads requ i res  t h a t  hou r l y  ( o r  any 
o ther  increment o f  t ime) weather data be provided f o r  the  e n t i r e  s imula t ion  
pe r iod  a long w i t h  a general b u i l d i n g  design and cons t ruc t i on  c h a r a c t e r i s t i c s .  
S i  t e  Se lec t ion  
The f o l l o w i n g  s i x  c i t i e s  have been chosen as s imu la t i on  s i t e s :  Boston, 
MA; F o r t  Worth, TX; Miami, FL; Nashv i l le ,  TN; Phoenix, AZ; and Seat t le ,  WA. 
These c i t i e s  possess a wide range o f  c l imates and the re fo re  o f f e r  t h e  oppor- 
t u n i t y  t o  evaluate the  performance o f  var ious TES/Heat Pump con f igu ra t i ons  
under a wide range o f  opera t ing  cons t ra in ts .  
The choice of s i t e s  has been based p r i m a r i l y  on weather data provided 
through t h e  SOLMET Typical  Meteorological  Year (TMY) weather tapes and work 
completed by t h e  General E l e c t r i c  Corporation. The TMY data cons is t s  o f  
hour ly  weather i n fo rma t ion  f o r  26 c i t i e s  across t h e  Un i ted  States f o r  a 
" t y p i c a l "  year. Th is  t y p i c a l  weather yea r  was developed us ing data t h a t  had 
been c o l l e c t e d  over a number o f  years f o r  each o f  t h e  26 s i t e s .  Using these 
weather data, t h e  number o f  annual heat ing  and coo l i ng  degree-days f o r  each 
o f  t h e  26 s i t e s  was then computed. 
Each o f  these s i t e s  was then i d e n t i f i e d  as be ing w i t h i n  one o f  12 
c l  i m a t i  c  regions o f  t h e  con t inen ta l  Un i ted  States. These reg ions  were def ined 
by t h e  General E l e c t r i c  Corporat ion (Ref. 3) i n  a study e n t i t l e d  "Regional 
Conceptual Design and Ana lys is  Studies f o r  Res ident ia l  Photovo l ta ic  Systems." 
Simulat ion s i t e s  were then chosen based on l o c a t i o n  and t h e  extremes i n  
c l  i m a t i c  cond i t ions  as g iven by the  heat ing  and cool i ng degree-days . 
Bui 1 d i n g  Design 
The TRNSYS model requ i res  on ly  a general d e s c r i p t i o n  of t h e  design 
i t s e l f ;  however, d e t a i l e d  i n fo rmat ion  dea l ing  w i t h  t h e  const ruc t ion ,  o r ien-  
t a t i o n ,  and i n s u l a t i o n  l e v e l s  o f  t h e  b u i l d i n g  must be defined. The b u i l d i n g  
design, o r i e n t a t i o n ,  and cons t ruc t i on  w i l l  be t h e  same f o r  each o f  t h e  s i t e s ;  
however, i n s u l a t i o n  l e v e l s  w i l l  be va r ied  i n  order  t o  charac ter ize  e x i s t i n g  
p rac t i ces  i n  var ious regions o f  t h e  country. 
The basic b u i l d i n g  design w i l l  cons is t  o f  a rec tangu lar ,  s i n g l e  s to ry ,  
140 m2 (1500 f t . 2 )  wood panel residence w i t h  a f u l l  basement. A1 though t h i s  
design i s  n o t  necessar i l y  representa t ive  o f  t h a t  t o  be found a t  a l l  o f  the  
s imula t ion  s i t e s ,  i t  does o f f e r  a reasonable and j u s t i f i a b l e  approximation 
t o  the  design t h a t  might e x i s t  a t  each s i t e .  
TES/HEAT PUMP SIMULATION 
The approach t o  be u t i l i z e d  i n  modeling t h e  TES/Heat Pump system i s  
based on balancing mass and energy f lows w i t h i n  the  r e f r i g e r a t i o n  cyc le .  The 
method t o  be used fo l l ows  the  same general procedures suggested by Oak Ridge 
Nat iona l  Laboratory (Ref. 4).  This procedure i s  as fo l l ows :  
1. assume values f o r  the  thermodynamic s ta tes  a t  var ious p o i n t s  
w i t h i n  t h e  cycle;  
2. f i n d  t h e  f l o w  balance cond i t ions  f o r  these assumed thermodynamic 
s ta tes  us ing compressor and c a p i l l a r y  tube performance data; 
3.  for  these f l o w  balance cond i t ions  use evaporator and condenser 
performance data t o  a r r i v e  a t  new thermodynamic s ta tes ;  and 
4. cont inue u n t i l  agreement i s  reached. 
Manufacturer 's component performance data w i l l  be used f o r  heat  exchangers, 
compressor and expansion valves wh i l e  a simple TES subsystem w i l l  be modeled 
i n  order  t o  compute storage subsystem performance. 
TES/Heat Pump Conf igurat ions 
The s i x  TES/Heat Pump conf igura t ions  t o  be considered a re  c l a s s i f i e d  
depending upon the  method used t o  discharge t h e  TES subsystem. D i r e c t  systems 
are  discharged by t h e  t r a n s f e r  o f  heat between t h e  storage mate r ia l  and the  
indoor  a i r  stream, wh i l e  i n d i r e c t  systems a r e  discharged by  using the  TES 
subsystem as a low temperature s ink  (coo l ing)  o r  h igh  temperature source 
(heat ing)  fo r  the  heat pump. A l l  s i x  con f igu ra t i ons  i n v o l v e  charging the TES 
subsystem w i t h i n  t h e  r e f r i g e r a t i o n  c y c l e  o f  t he  heat pump by us ing  the  storage 
subsystem as e i t h e r  an evaporator o r  condenser as appropriate. 
Figures 1 and 2 show schematically two o f  t he  s i x  conf igurat ions which 
are being considered. Figure 1 i s  a representat ion o f  an i n d i r e c t  system tha t  
stores thermal energy f o r  use on ly  i n  the heat ing mode. The system operates 
as a conventional heat pump dur ing cool ing. During the  charging cyc le  the TES 
subsystem act3 as a condenser, whi le  a t  the same t ime -s to r i ng  energy by means 
o f  the change o f  phase o f  the storage mater ia l  from sol  i d  t o  1 iqu id .  During 
discharge, the TES subsystem then behaves as an evaporator f o r  the heat pump 
cyc le  and re j ec t s  heat t o  the re f r ige ran t  by means o f  the  change o f  phase 
from l i q u i d  t o  so l id .  Th is  system o f f e r s  the advantage o f  prov id ing a re l a -  
t i v e l y  h igh temperature source f o r  the heat pump w i t h  the exact source temper- 
a ture  depending upon the mel t  temperature o f  the storage mater ia l .  A d i r e c t  
system used f o r  storage heat ing would be charged by maintaining the storage 
temperature a t  a l eve l  t h a t  could be used f o r  d i r e c t  heating (40-60°C). 
Figure 2 i s  a schematic o f  an i n d i r e c t  TES/Heat Pump system used f o r  
coo l ing purposes. The system operates as a conventional heat pump dur ing 
heat ing operation. During the  coo l ing  season the storage subsystem i s  charged 
by convert ing the storage mater ia l  from a l i q u i d  t o  a s o l i d  by al lowing the 
TES subsystem t o  a c t  as an evaporator. The subsystem i s  then discharged by 
reversing t h i s  process. This system e f f e c t i v e l y  increases the e f f i c i ency  o f  
the heat pump cycle by a1 lowing the TES subsystem t o  ac t  as a low temperature 
s ink  f o r  the heat pump dur ing discharge operation. A d i r e c t  system used f o r  
storage coo l ing would be charged by maintaining the storage temperature a t  a 
l eve l  t h a t  could be used f o r  d i r e c t  cool ing (-1-10°C). A complete l i s t  o f  
the conf igurat ions t o  be considered i s  given i n  Table 1 . 
TES Subsystem 
Three basic c r i t e r i a  f o r  the se lec t ion  o f  a TES subsystem are: 1 ) the 
subsystem must have the capab i l i t y  t o  t ransfer  heat between the storage 
mater ia l  and re f r i ge ran t  (charging o r  i n d i r e c t  discharging) , 2) the subsystem 
must possess the c a p a b i l i t y  t o  t rans fe r  heat between the  storage mater ia l  and 
a i r  ( d i r e c t  discharging) and 3) the subsystem must be able t o  t r e a t  the 
humid i f ica t ion problems associated w i t h  space cool ing. 
A l l  o f  these c r i t e r i a  may be addressed using the designs shown i n  
Figures 3 and 4. Rectangular volumes contain ing the  storage mater ia l  w i l l  be 
stacked i n  the storage subsystem. Sandwiched between these volumes w i l l  be 
re f r i ge ran t  c o i l s .  Since these c o i l s  w i l l  no t  requ i re  the e n t i r e  volume 
between the  storage containments, a i r  w i l l  be passed through these spaces t o  
a l low f o r  d i r e c t  discharge. A closed form so lu t i on  f o r  the r e s u l t i n g  mel t ing 
and s o l i d i f i c a t i o n  problem has been found by Edwards (Ref. 5) and w i l l  be 
used t o  develop performance curves f o r  the storage subsystem. This procedure 
allows f o r  a stepwise so lu t i on  along the length o f  the  subsystem f o r  both 
the me1 t / f reeze and the re f r ige ran t  ( a i r )  side heat t rans fe r  problems. 
Although the parameters t o  be considered i n  developing performance curves 
have no t  as y e t  been determined, enter ing r e f r i g e r a n t  ( a i r )  temperature, 
r e f r i g e r a n t  ( a i r )  f l ow rate,  thickness o f  the storage mater ia l ,  and length o f  
t he  subsystem appear t o  be o f  prime importance i n  determining both the r a t e  
o f  heat t r ans fe r  and the t o t a l  storage capacity. 
TESIHeat Pump System Performance 
TES/Heat Pump system performance- w i l l  be determined f o r  each s i t e  by 
i n t e r f a c i n g  together the thermal loads computed us ing TRNSYS and t he  r e f r i g -  
e ra t i on  cyc le  performance f o r  each conf igurat ion.  For  each e l e c t r i c i t y  r a t e  
s t ruc tu re  system con t ro l  s t ra teg ies  wil.1 be developed t h a t  w i l l  de f ine the 
operat ing s t ra tegy f o r  each conf igura t ion.  The i n t e n t  o f  these con t ro l  
s t ra teg ies  w i l l  be t o  minimize system l i f e  cyc le  cos t  by charging and 
discharging the TES subsystem a t  the  most opportune times. For each combi- 
nat ion o f  s imula t ion s i t e  and r a t e  s t ruc tu re  considered, various TES/Heat Pump 
systems w i l l  be optimized t o  determine t h a t  combination o f  component sizes 
t h a t  minimizes l i f e  cyc le  costs. These optimized systems w i l l  then be ranked 
based on l i f e  cyc le  cost  and spec i f ic  performance f a c t o r  f o r  each combination 
o f  s imula t ion s i t e  and r a t e  s t ruc tu re  consi dered. 
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Table 1 . TES/Heat Pump Configurations 
Me1 t 
Option Temperature (OC) 
Heating 
Operati on 
Cool i ng 
Operation 
Storage 
System Use 
Heat Pump/ 
Di rect  Heating 
Heat Pump Direct space heating 
Heat Pump/ 
Indirect  Heating 
Heat Pump High temperature 
source fo r  heat pump 
during heating 
Heat Pump Heat Pump/ 
Direct Cooling 
D i  r ec t  space cool i ng 
Heat Pump Heat Pump/ Low temperature sink 
Indirect  Cool i ng fo r  heat pump during 
cooling 
Heat Pump/ 
Indi rec t  Heating 
Heat Pump/ 
Di rec t  Cool i ng 
H i  gh temperature 
source fo r  heat pump 
during heating 
- - 
Di rec t  Space cooling 
i n  cooling mode 
6 -1 < T < 27 Heat Pump/ Heat Pump/ High temperature 
- m -  Indirect  Heati ng Indi rec t  Cool i ng source for heat pump 
during heating 
- - 
Low temperature sink 
for  heat pump during 
cooling 
Outdoor Coi 1 
Thermal 
Energy 
Subsys tern 
Expansion Device 
* L - r r m r r m r -  r r m  
I 
. - m . . .  * -  
Figure 1 .  I n d i r e c t  TES/Heat Pump Conf igura t ion  
(Storage Heating Only) 
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